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ABSTRACT 


In  the  preliminary  design  phase  of  high  velocity 
vehicles,  quick,  conservative  estimates  of  surface  tempera¬ 
tures  are  always  desirable.  To  fill  ibis  need,  the  equilib¬ 
rium,  adiabatic  wall,  and  stagnation  temperatures  have  been 
determined  for  altitudes  from  sea  level  to  100,000  feet  and 
for  k'ach  numbers  from  2  to  20.  Data  for  both  laminar  and 
turbulent  flow  are  presented.  For  easy  reading,  tne  re¬ 
sults  are  presented  as  temperature  versus  Mach  number  plots 
at  altitude  intervals  of  10,000  feet.  The  only  information 
necessary  to  obtain  equilibrium  temperatures  from  this  re¬ 
port  is:  distance  from  the  leading  edge  to  the  point  in 
question,  emissivity  of  the  surface,  Mach  number,  and  alti¬ 
tude  . 
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EQUILIBRIUM,  ADIABATIC  WALL.  AN>  STAGNATION  TEMPERATURES  AT 
ALTITUDES  UP  TO  100.000  FEET  AND  MACH  NUMBERS  UP  TO  20 

INTRODUCTION 

During  preliminary  design  studies  of  high  velocity 
vehicles,  the  need  often  arises  for  estimates  of  maximum 
temperatures  to  be  expected  at  various  locations  on  the 
vehicles.  These  estimates  must  be  made  without  the  knowl¬ 
edge  of  such  influencing  facers  as  materials,  thicknesses, 
and  flight  trajectory  all  of  which  undoubtedly  remain  to  be 
chosen.  Computer  transient  temperature  calculations  are 
impractical  because  of  the  lack  of  knowledge  of  such  factors 
and  because  those  interested  in  the  temperature  estimates 
often  do  not  have  the  time  needed  to  perform  the  transient 
calculations . 

The  work  presented  in  this  report  is  intended  to  pro¬ 
vide  an  easily  accessible  capability  to  predict  maximum  tem¬ 
peratures  at  various  locations  on  vehicles  flying  over  a 
wide  range  of  Mach  numbers  and  altitudes.  The  results  pre¬ 
sent  flat  plate  equilibrium,  stagnation,  and  flat  plate 
adiabatic  wall  temperatures  as  functions  of  Mach  number  -and 
altitude  in  convenient  graphical  form. 

Two  sets  of  curves  are  presented;  one  for  a  laminar 
bcvr.ur,”v  layer  and  the  otner  for  a  turbulent  boundary  layer. 
Mach  numbers  up  to  20  are  considered  for  each  10,000  foot 
altitude  up  to  100,000  feet.  On  each  graph,  several  flat 
plate  eqvi librium  temperatures  representing  various  combina¬ 
tions  c *  distance  from  the  beginning  of  boundary  layer  build¬ 
up  and  sui-faco  emissivity  are  given  in  addition  to  the 
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stagnation  and  adiabatic  wall  . eraperatures .  A  discussion  of 
transition  Reynolds  number  is  also  included  to  serve  as  a 
rough  guide  in  choosing  the  appropriate  set  of  graphs  to  use 
for  a  given  condition.  The  following  discussion  will  de¬ 
scribe  the  use  of  the  graphs  and  briefly  discuss  the 'theories 
upon  which  they  are  based. 
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DEFINITION  OF  EQUILIBRIUM,  ADIABATIC  WALL,  AND 
STAGNATION  TEMPERATURES 


Equilibrium  temperature  may  be  defined,  in  general,  as 
that  temperature  attained  by  an  element  in  a  constant  environ 
ment  -her.  the  heat  being  transferred  to  the  element  is  equal 
to  tr.at  being  lost  by  the  clv-ent.  In  estimating  tne  tempera 
tures  of  aerodynamic  surfaces,  however,  the  general  rule  is 
to  assume  a  perfectly  insulated  surface  such  that  no  conduc¬ 
tion  heat  Transfer  need  be  considered.  Thus,  for  aerody¬ 
namic  surfaces,  the  equilibrium  temperature  is  defined  to  be 
the  temperature  attained  by  a  perfectly  insulated  surface 
-her.  the  convective  heat  transfer  to  the  surface  is  exactly 
balanced  by  the  radiation  heat  transfer  away  from  the  sur¬ 
face.  Obviously  then,  the  equilibrium  temperatures  represent 
maximum  temperatures  since  all  of  the  energy  received  at  the 
surface  must  be  lost  from  the  surface  by  radiation. 

Since  thermal  capacitance  of  the  surface  material  and 
heat  conduction  from  the  surface  to  the  material  beneath  is 
not  involved  ir.  the  computation  of  the  equilibrium  tempera¬ 
tures,  under  certain  conditions  the  equilibrium  temperatures 
a”*  ~uite  conservative  estimates  of  the  maximum  surface  tem¬ 
perature.  This  would  be  particularly  true  ior  a  massive 
article  subjected  to  a  given  flight  environment  or  for  u 
lightweight  structure  heated  during  a  relatively  sho»t  flight 
time.  For  example,  the  equilibrium  temperature  cf  a  point 
one  foot  fro*,  the  leading  edge  having  a  surface  emissivit. 
of  0.8  and  flying  at  Mach  7  and  90,000  teet  is  1025° F  (assum¬ 
ing  laminar  flow).  This  same  point,  if  assumed  to  be 
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constructed  of  0.05  inch  stee'  ,  would  have  a  surface  tempera¬ 
ture  of  only  520* F  after  a  50  second  flight.  However,  after 
a  100  second  flight  the  surface  temperature  would  reach  820° F, 
The  purpose  of  citing  this  example  is  not  to  minimise  the 
value  of  the  equilibrium  temperatures  but  to  help  illustrate 
their  meaning,  usefulness,  and  limitations. 

The  adiabatic  wall  temperature,  sometimes  referred  to 
as  the  recovery  temperature,  is  the  temperature  a  surface, 
perfectly  insulated  on  its  b’ck  side,  will  reach  due  to  con¬ 
vective  heating  in  the  absence  of  radiation  relief.  This 
temperature  may  be  explained  in  the  following  way.  At  every 
point  on  a  body  other  than  the  stagnation  point,  the  air  is 
brought  to  rest  by  viscous  effects  in  the  boundary  layer. 

This  results  in  a  velocity  gradient  across  the  boundary  layer. 
The  temperature  of  the  air  near  the  wall  is  increased  by  stag¬ 
nation  and  by  a  transfer  of  momentum  toward  the  wall  result¬ 
ing  from  the  velocity  gradient.  In  an  adiabatic  system  no 
heat  is  transferred  through  the  body  itself;  however,  the 
rise  in  temperature  of  the  wall  above  the  moving-stream  tem¬ 
perature  causes  conduction  of  beat  back  through  the  gas  lay¬ 
ers  near  the  wall  into  the  bulk  stream.  Consequently,,  the 
wall  assumes  a  temperature  below  the  stagnation  value  which 
is  referred  to  as  the  adiabatic  wall  temperature. 

By  definition,  the  free  stream  total  temperature  is 
r._at  temperature  attained  by  a  gas  when  it  f  brought  to 
rest  isentropically .  In  the  case  of  superso  lie  flow,  however, 
the  air  must  pass  through  a  normal  shock  in  tne  area  of  a 
stagnatior  point,  thus  if  is  not  brought  to  rest  isenttnpi- 
cally.  Since  the  primary  interest  is  in  temperatures  appli¬ 
cable  to  flight  vehicles,  the  stagnation  values  reported 
herein  are  total  temperatures  of  the  air  behind  a  normal 
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shock.  In  this  report  these  ^tal  temperatures  are  called 
stagnation  temperatures  to  distinguish  them  from  free  stream 
total  temperatures.  As  might  be  expected,  at  high  velocities 
the  stagnation  temperatures  are  appreciably  below  the  free 
stream  total  temperature  due  to  the  dissociation  and  ioniza¬ 
tion  taking  place  behind  the  normal  shock.  Stagnation  tem¬ 
peratures  may  be  used  to  estimate  the  stagnation  point  wall 
temperature,  although  they  will  obviously  yield  conservative 
answers.  Stagnation  point  equilibrium  temperatures  would  be 
better  estimates  of  the  wall  tempeiatnre  but  are  beyond  the 
scope  of  this  report. 
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DISCUSSION  OF  THEORY 


Due  to  the  presence  of  real  gas  effects,  it  was  neces¬ 
sary  to  compute  the  stagnation  and  adiabatic  wall  tempera¬ 
tures  on  an  enthalpy  basis.  The  stagnation  temperatures  were 
computed  using  the  following  procedure.  The  stagnation  en¬ 
thalpy  was  computed  by  the  equation. 
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(See  Appendix  A  for  a  definition  of  terminology.) 
By  definition: 


Therefore : 
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The  procedure  used  to  obtain  the  stagnation  temperatures 
-as  the  following: 

1.  For  a  given  Mach  number  and  altitude  the  total 
pressure  behind  a  normal  shock  for  a  real  gas 
was  determined  using  Ref-  1. 

2.  Vsing  Eq.  (1)  the  stagnation  enthalpy  was  commuted. 

3.  Entering  the  Mollier  Chart  tor  equilibrium  air 
(Ref.  2)  with  the  pressure  and  enthalpy  found  in 
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Sir.ce  the  adiabatic  wall  temperatures  are  needed 
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compi.  ...  The  adiabatic  wan  temperatures 
were  carpeted  bv  ft. at  obtfntng  tie  adiabatic  wail  entb.l- 
pies  u$.\rg  the  ol'owr.y  eq.ttion: 
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»here  r  -  recovery  factor 

-  0.81  for  laminar  I low  (Ref.  3) 

*  0.90  for  turbulent  flow  , 

conversion  of  the  enthalpies  to  texture*  -a,  perform 
•  “*  i,a <*  Pressure ,  only,  due  to  the  li„,,„i„n 
.....e.. ...  computer  program  making  the  cslculstions.  Th, 
i-  uence  cl  pressu;  e  on  tb«  -nthalpy- temperature  relation 
-a>  ee  appreciate.  however,  ior  the  range  oi  Mach  numbers 
3ltlX"i-s  ebhsidered  here  the  maximum  ,.ri„lOT  trom  ,rue 
temperature  was  less  than  II  per  cent.  Because  ,h.  pressure, 
are  less  than  atmospheric,  the  vaiues  presented  sre  conser..- 
t->e  i.e.,  the  ter.par.t- ares  presented  herein  are  higher  than 

"  catair, yd  using  the  actual  pressure  corresponding  to 
each  altitude.  * 

Since  the  tern  "equilibrium  temperature"  defined 
as  the  temperature  reached  by  a  pe-fcc tly  insulated  surface 
-her  the  convective  heat  input  to  the  surface  is  exactly 
balanced  by  the  radiation  relief  from  the  surface,  equa¬ 
tion  for  computing  equilibrium  temperatures  is  derived  in 

t.ne  following  manner.  The  convective  heat  transfer  is  de¬ 
fined  ns: 
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A  tens,  h',  nay  now  be  introduced  which  is  independent  of  the 
reference  length. 


h* 


hx 
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Therefore: 


,  -  ill  a(T  -  T  > 

*c  xcr  a*.  w' 


The  radiation  heat  transfer  is: 


»r  '  0fA(Tv  *  V 


By  equating  qr  and  qc,  the  wall  temperature  Tw  becomes  the 
equilibrium  temperature  Te-  Hence: 

h’  (Ta%.  -  Te)  -  ocxa(T*  -  T*) 

If  cxQ  is  defined  by  a  new  term,  rj,  then: 

h’(Taw  "  V  "  aTj(Te  “  V  (4) 

An  IBM  7094  computer  program  was  written  to  solve  Eq.  (4) 
f>—  T  .  The  technique  used  for  the  solution  was  to  guess  an 
initial  value  for  Te  (arbitrarily  300’R  in  every  case;  and 
iterate  the  equation  until  two  successive  identical  values 
of  Te  wece  computed.  The  computation  of  h',  which  itp«*lf  is 
a  funet:  <n  of  Te>  was  based  on  a  reference  enthalpy  scheme 
and  is  described  in  Appendix  B.  The  value  of  TftW  was  sup¬ 
plied  by  £q.  (2)  for  either  a  laminar  or  turbulent  boundary 
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layer,  while  the  value  of  the  space  temperatui j,  T  ,  was 
chosen  to  be  0*R.  Although  the  choice  of  O'R  is  somewhat 
arbitrary,  Eq.  (4)  is  relatively  insensitive  to  the  space 
temperature.  The  final  item  needed  by  Eq.  (4)  to  compute 
T  was  T) •  For  this  purpose  seven  different  values  of  the 
parameter  tj  were  chosen  and  supplied  to  the  program  as  in¬ 
puts. 
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DISCUSSION  OF  TRANSITION  REYNOLDS  NUMBER 


Two  sets  of  curves  are  presented  in  this  report;  one 
for  a  laminar  boundary  layer  and  the  other  for  a  turbulent 
boundary  layer.  Consequently,  the  user  of  this  report  is 
confronted  with  a  choice  of  «'hieh  set  to  use  for  a  particular 
set  of  conditions.  To  aid  in  this  chrice;  the  concept  of 
transition  Reynolds  number  is  now  introduced. 

In  heat  transfer  computations  it  is  common  to  assume 
that  boundary  layer  transition  occurs  at  a  discrete  point 
rather  than  over  a  finite  region.  Furthermore,  transition 
is  assumed  to  occur  when  the  Reynolds  number  (based  on  local 
conditions  at  the  outer  edge  of  the  boundary  layer  and  the 
distance  from  the  leading  edge  of  the  plate)  reaches  some 
prescribed  value.  This  prescribed  transition  Reynolds  num¬ 
ber  is  determined  experimentally  by  noting  the  onset  of 
transition  and  computing  the  Reynolds  number  at  that  point 
from  known  wind  tunnel  conditions.  Unfortunately,  however, 
transition  is  dependent  upon  other  factors  such  as  surface 
roughness,  wind  tunnel  turbulence,  and  wall  temperature  in 
addition  to  the  local  Reynolds  number.  The  practical  sig¬ 
nificance  of  these  additional  dependencies  that  one  cannot 
be  certain  the  transition  will  occur  at  the  same  location 
(i.e.,  distance  from  the  leading  edge)  or.  two  different  fist 
plates  even  though  the  local  Reynolds  number  is  identical  in 
both  oases. 

One  is  always  hesitant  to  recommend  a  transition  Rey¬ 
nolds  number  to  use  because  of  the  uncertaintier  just  de- 
scrioed.  Nevertheless,  to  make  the  graphs  in  this  report 
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sore  useful,  a  flat  plate  transition  Reynolds  number  of  1.5 
x  10*  is  suggested.  This  commonly  used  value  is  subject  to 
the  shortcomings  described  above.  It  should  be  viewed  as  a 
guide  rather  than  a  strict  criterion. 

Figure  1  has  been  generated  to  enable  the  users  of 
this  report  to  determine  whether  a  set  of  conditions  chosen 
are  above  or  below  the  transition  Reynolds  number,  The 
curve  is  entered  with  a  Mach  number  and  altitude.  If  t.he 
point  described  by  these  two  variables  falls  below  the  line 
representing  the  desired  distance  from  the  leading  edge,  the 
local  Reynold.-.!  number  exceeds  1.5  x  10*  and  a  turbulent 
boundary  ltver  is  assumed  to  be  present.  Converse: y,  if  the 
point  falls  above  the  line,  a  laminar  boundary  lajer  is 
assumed  to  exist. 
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PROCEDURE  FOR  USING  CURVES 


Assume  it  is  desired  to  determine  the  equilibrium  tem¬ 
peratures  at  points  1  and  6  feet  back  along  the  surface  of  a 
vehicle  moving  with  a  speed  of  Mach  8  at  100,000  feet.  In 
order  to  determine  which  set  of  curves  f->  use,  ’-..efe**  immedi¬ 
ately  to  Fig.  1.  The  point  described  by  a  Mach  number  of  8 
and  an  altitude  of  100,000  feet  can  be  quickly  determined. 
Since  the  point  falls  above  the  line  representing  x  -  1  foot, 
the  boundary  layer  is  laminar  1  foot  from  the  leading  edge 
and  Fig.  14  should  be  used  to  determine  the  equilibrium  tem¬ 
peratures.  However,  since  that  same  point  lies  below  the 
line  described  by  x  **  6  feet,  a  turbulent  boundary  layer 
exists  there.  Therefore,  Fig.  25  should  be  used  to  determine 
the  equilibrium  temperatures  at  x  »  6  feet.  (It  is  worth  not¬ 
ing  that  lor  the  Mach  number  and  altitude  ranges  considered 
here,  the  flow  is  always  turbulent  if  the  distance  from  the 
beginning  of  boundary  layer  buildup  is  greater  than  approxi¬ 
mately  4  feet.) 

After  the  Mach  number,  altitude,  and  distance  from 
the  leading  edge  have  been  chosen,  Figs.  14  and  25  still 

be  entered  until  a  value  has  been  choren  for  the 
surface  emissivity.  If  no  value  is  known,  it  is  suggested 
that  tne  commonly  used  value  of  0.8  be  used.  This  is  a 
realistic  value  since  attempts  are  always  made  to  keep  the 
surfac  emissivity  high  in  order  to  increase  the  radiation 
from  the  suaace.  The  parameter  n  nay  now  be  obtained  from 
Figs.  2  and  3.  One  foot  behind  the  leading  edge,  where 
laminar  flow  is  present,  Fig,  2  yields  a  value  of  r\  equal  to 
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0.8.  On  the  other  hand  six  \.et  behind  the  leading  edge 
where  turbulent  flow  is  present,  Fig.  3  is  used  to  obtain  a 
value  of  1.15  for  tf.  For  the  two  values  of  tj,  Figs.  14  and 
25  yield  equilibrium  temperatures  of  1080°F  and  1J>20°F  r»t 

locations  1  and  6  feet  back  of  the  leading  edge,  respec¬ 
tively. 

From  the  same  two  graphs,  values  of  the  stagnation 
temperature  and  adiabatic  wall  temperatures  can  also  be  ob¬ 
tained.  Figure  25  will  yieW  a  stagnation  temperature  of 
4150eF  which  may  be  used  as  a  conservative  estimate  of  the 
stagnation  point  wall  temperature.  Laminar  and  turbulent 
values  of  the  adiabatic  wall  temperature,  3680°F  and  3920°F 
respectively,  can  be  obtained  from  Figs.  14  and  25,  respec¬ 
tively.  if  no  radiation  cooling  were  present,  the  tempera¬ 
ture  of  perfectly  insulated  surfaces  would  rise  to  these 
adiabatic  wall  temperatures. 
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CONCLUDING  REMARKS. 


Flat  plate  equilibriua  temperatures  have  tnen  computed 
as  functions  of  Mach  number,  altitude,  distance  from  the  lead¬ 
ing  edge,  and  surface  emissivity.  In  addition,  stagnation 
and  adiabatic  vail  temperatures  have  been  determine-!  as  func¬ 
tions  of  Mach  number  and  altitude  up  to  a  Mach  number  of  20 
and  an  altitude  of  100,000  feet.  The  results  have  been  pre¬ 
sented  in  convenient  graphical  fora  comprising  two  sets  of 
curves;  one  for  a  laminar  boundary  layer  and  the  other  for  a 
turbulent  boundary  layer.  In  addition,  a  curve  is  presented 
based  on  a  transition  Reynolds  number  of  1.5  x  10*,  whereby, 
the  user  of  the  graphs  can  readily  determine  whether,  for  a 
given  set  of  conditions,  the  laminar  or  turbulent  boundary 
layer  curves  should  be  used.  It  is  expected  that  these 
curves  will  be  extremely  useful  during  the  preliminary  design 
phase  of  high  velocity  vehicles. 
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Figure  4  EQUILIBRIUM  AND  ADIABATIC  WALL 
TEMPERATURE  VERSUS  MACH  NUMBER 
STANDARD  DAY  -  LAMINAR  BOUNDARY  LAYER 
ALTITUDE  =  0  Ft. 


Figure  5  EQUILIBRIUM  AMD  ADIABATIC  WALL 
TEMPER/ TURF  VERSUS  MACH  NUMBER 
STANDARD  DAY  -  LAMINAR  BOUNDARY  LAY El 
ALTITUDE  =  10, 000  FIET 


Figure  6  EQUILIBRIUM  AMD  ADIABATIC  WALL 
TEMPERATURE  VERSUS  MACH  NUMBER 
STANDARD  DAY  -  LAMINAR  BOUNDARY  LAYER 
ALTITUDE  =  20.  000  FEET 


va t-JS  HACK  nagn 

...AMDARD  DAT  -  LAMINAR  BOUNDARY  UYD 
ALTITUDE  =  jO.  000  MKT 


vaas&exvu  versvs  mach  number 
STANDARD  DAY  -  LAMINAR  BOUNDARY  LAYKR 
AL»  ITUDE  *  *0.  non  hit 


Figure  ft  EQUILIBRIUM  AMU  ADIABATIC  MALL 
TEMPERATURE  VERSUS  MACH  NUMBER 
STAiiD/tnD  DAY  -  LAITNAR  BOUNDARY  LAYER 
ALTITUDE  =  50, 000  tEIT 


Figure  10  EQUILIBRIUM  AMD  ADIi 
TEMPERATURE  VERSUS  j 
STANDARD  DAY  -  LAMINAR 
ALTITUDE  =  60.  0(1 


F<  ?ure  10  EQUILIBRIUM  AML’  AI  iABATIC  WALL 
TEMPERATURE  VERSUS  MACH  NUMBER 
STANDARD  DAY  -  LAMINaR  BOUNDARY  LAYER 
ALTITUDE  =  60, 000  FEET 
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Figure  11  EQUILIBRIUM  AND  ADIABATIC  WALL 
TEMPERATURE  VERSUS  MACH  HUMBER 
8TANLAAD  DAT  -  LAHIVAR  BOUNDARY  LAYER 
ALTITUDE  =  70.000  Fi.ET 


Figure  12  EQUILIBRIUM  .I.-TD  ‘OIABATIC  WALL 
TEMPERATURE  VERSUS  MACH  NUMBER 
STANDARD  DAY  -  LAMINAR  BOUNDARY  LAYER 
ALTITUDE  *  80,000  FEET 
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Firure  13  >QUILinnni  AMD 
TEMPKKATUtE  VH 
ST  AMD  A  AT)  DAT  -  LAD 
ALTITUDE  *  ! 


lgure  13  EQUILIBRIUM  AND  ADIABATIC  WALL 
TEMPERATURE  VERSUS  MACS  NUMBER 
STANDARD  DAY  -  LAMINAR  BOUNDARY  LAYER 
ALTITUDE  *  00.000  FEET 


"lfure  14  IQOILra 
TBmu 
STAND  A  K!/ 


Figure  lfi  EQUILIBRIUM,  SI. S GNAT 
iTALL  TEMPERATURE  V] 
STANDARD  DAY  -  T'JRBU] 
ALTITUDE  =  0 


Figure  IS  EQUILIBRIUM,  STAGNATION,  ANT  ADIABATIC 
WALL  TEMPERATURE  VERSUS  MACH  NUMBER 
STANDARD  DAY  -  TURBULENT  BOUNDARY  LAYER 
ALTITUDE  =  0  FEET 
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Figure  18 


WA<»A 

wall  Tmraumi 

STANDARD  DAT  -  T0Mtt_ 
ALTITUDE  *  10  ^ 


Figure  16  EQUILIBRIUM,  STAGNATION,  AMD  AD I ABA'  *C 
WALL  TWPSRATCTE  VERSUS  MACH  NUMBER 
STANDARD  DAY  -  TUR SOLENT  BOUNDARY  LAYER 
ALTITUDE  -  10, 000  EXIT 
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iifure  17  SQVILIBBIUN,  STACXAtI 
WALL  TMPKRATUK1  Tfl 
STAKUARD  DAY  -  TDKWfl 
ALT7TUDI  =  20,  Of 


17  EQUILIBB  STAGNATION,  AMD  ADIABATIC 
WALL  TEMPERATURE  VERSUS  MACE  NUMBER 
STANDARD  DAT  -  TURBULTNT  BOUNDARY  LAYER 
ALTITUDE  *  20,000  FIR 
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Fiprure  18  1QUILIMIUM.  8TJ 

waix  tbArati 

STANDARD  DAT  -  1 
ALT1TDDI  ■ 


lae  18  EQUILIBaIu*,  STAGNATION,  AND  ADIABATIC 
NALL  TEMPERATURE  VERSUS  MACH  NUMBZR 
STANDARD  DAY  -  TURBULENT  BOUNDARY  LAYER 
ALTITUDE  *  30,000  KBT 
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Figure  19  EQUILIBRIUM,  STAGNATION,  AND  ADIABATIC 
WALL  TEMPERATURE  VERSUS  MACH  NUMBER 
STANDARD  DAY  -  TURBULENT  BOUNDARY  LAYER 
ALTITUDE  =  40,009  FEET 


X. 


Fijure  30  1QUILIBRIUM.  STAC 
MLL  TKMPtXATDI 
STANDARD  DAT  -  TO 
ALTITUDI  *  5 
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Figure  24  EQUILIBRIUM,  STAGNATION, 
wall  t.  ipkratuki  ma 

STANDARD  DAT  -  TURBULENT 
ALTITUDE  *  90,000  1 


Figure  24  EQUILIBRIUM,  STAGNATION,  AND  ADIABATIC 
WALL  TEMPERATURE  VERSUS  MACB  HUM Bn 
STANDARD  DAY  -  T'FKBULENT  BOUNDARY  LAYER 
ALTITUDE  =  60,  OjO  FEET 
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Figure  25  EQUILIBRIUM,  STAGRATIOK,  AMD  ADU*ATIC 
V*!.»  TSttESATOPE  VERSOS  MACH  KURUS 
STANDARD  DAT  -  T'-RBULUTT  BOUNDARY  LATER 
ALTITUDE  *  'CO,  000  FEET 


APPENDIX  A 


DEFINITION  OF  TERMINOLOGY 

A  -  Surface  area 

a^  -  Speed  of  sound  based  on  local  temperature 

cf  -  Skin  friction  coeff iri-nt 

cp  -  Specific  heat  of  air  at  constant  pressure 

c^  -  Specific  heat  of  air  at  constant  volume 

g  -  Constant  equal  to  32.2 

J  -  Constant  equal  to  778 

b  -  Heat  transfer  coefficient 

b’  -  Parameter  equal  to  hxa 

Haw  -  Adiabatic  wall  enthalpy 

Hl  -  Local  enthalpy 

H'  -  Reference  enthalpy 

Hc  -  Stagnation  enthalpy 

k  -  Thermal  conductivity 

-  Local  Mach  number 

-  Free  stream  Mach  number 
Nu  -  Nusselt  number 

Pr  ~  ■"•asdtl  number 

qc  -  Convective  heating  rate 

qr  -  Radiative  heating  rate 

A-l 


-  Gas  constant 

-  teynolds  number  bae.d  „„  di.tanc.  leldlng  ^ 

~  Stanton  nuaber 

Adiabatic  wail  temperature 
Equilibrium  temperature 
lAcal  temperature 
-  Effective  temperature  of  space 
Stagnation  temperature 
Wall  temperature 
Ixjcal  velocity 

Distance  fro.  leading  edge,  reference  length 

Constant,  0.5  for  laminar  floe,  0.2  for  tnrbnlent  floe 

Eatio  of  specific  beats,  e  /c 

P  v 

Eaissivity 

Parameter  equal  to  <x* 

Density 


Stefan-Boltzmann's  constant 
f  ta  V 


0.4758  x  10'- 3  Btu/sec 


Viscosity 


append; x  b 

DERIVATION  OF  FLAT  PLATE  HEAT  TRANSFER  COEFFICIENT 


LAMINAR  BOUNDARY  LAYER 

Blasius  ns  the  first  to  solve  the  differential  equa¬ 
tions  for  the  incompressible  laminar  boundary  layer  on  a 
flat  plate.  He  did  this  by  means  of  mathematical  transfor¬ 
mations,  which  resulted  in  a  single  ordinary  non-linear 
differential  equation  which  he  solved  numerically.  His  re¬ 
sult  was: 


cf 


0.864 


(a) 


From  Ref.  4  the  modified  Reynolds  analogy  between  skin- fric 
ticn  and  heat  transfer  is  given  by: 

s<  *  -&■  <b) 

2Pr 

Combining  Eqs.  (a)  and  (b)  results  in: 


S 


t 


0.332 

0.3  0.666 


Pr 


(O 


intt  Nusselt  number  is  defined  as: 


Nu 


hx 

k 


StRxPr 


(d) 


B-l 


-■v*  -1  VlMWl 

*'  -V.  Unix 


Substituting  Kq.  ic)  into  Eq.  d)  results  in; 

™  -  —  ?-332 

V*  R^Pr0,666 

Xu  ■  0.332  R  ®**>  pj.^‘333 


or 


b  -  0.332---  Rx°‘5  Pr0,333 


(e) 


Equation  (.)  reworked  tor  .onputer  eoiution  in  tne  fcl- 
loving  manner: 


Pr 


Multiplying  and  dividing  Eq.  (,)  by  p,  gives; 

h  “  0.332  yRx°*5  Pr”0*®®6  °jP^ 
Using  the  definition  of  Reynolds  number: 


(!) 


R_ 


and  expressing  cp  as  follows: 


c  -  c  »■■» 

P  V  J 

CDU  “4 

P  /  J 


P 


B-2 


* 


/  Kir 


S  >4  K*  **»*s*w# 


Equation  (f)  can  be  expressed  <  m: 


h 


0.332  (flV  )0'5'  >  R^  r  -0.666  0.5 

^oT5  (pv  ^rr-  T)j)  Pr 


(g> 


Define: 


Then: 


hf  -  0.332  (pVL) 


0.5 


,  >  R\ 

( cy  ■£  -i)T> 


_  -0.666  O, 

Pi-  *  ii 


(h) 


Equation  (h)  was  derived  from  incompressible  flow  relations. 
However,  Rubensin  and  Johnson  (Ref.  5)  discovered  that  Eq.  (h) 
would  be  valid  for  compressible  flow  if  the  property  values, 
p.  y,  Pr,  and  p,  were  introduced  at  some  reference  tempera¬ 
ture.  T  ‘ ,  which  was  somewhere  between  the  temperature  ex¬ 
tremes  encountered  in  the  boundary  layer.  Because  of  the 
high  temperatures  considered  in  this  report,  it  was  neces¬ 
sary  to  use  a  reference  enthalpy,  H',  rather  than  a  reference 
temperature.  The  equation  used  to  obtain  H'  was: 


1  +  0.032  l£  +  0.58 


(i) 


Thus.  Eqs.  (h)  and  (i)  were  used  to  compute  the  h’  needed 
>;  Iq.  «)  in  the  text. 
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TURBULENT  BOUNDARY  LAYER 

The  Blasius  empirical  akin  friction  law  (Ref.  6)  for 
turbulent  flow  is: 


Cf  0.0296 
2  "  ”0.2' 


(J) 


However,  Seban  and  Doughty  (Ref.  7)  concluded  on  the  basis 
of  subsonic  flat  plate  expenmeutc  that  Eq.  (j)  should  be 
modified  to: 

°f  0.0265  (k) 

6.2 

Rx 

Colburn  (Ref.  8)  concluded  that  the  modified  Reynolds 
analogy  of  Eq.  (b)  was  applicable  to  turbulent  as  well  as 
laminar  flow.  Therefore,  combining  Eqs.  (b) ,  (d) ,  and  (k) 
results  in: 

Nu  -  0.0265  (Rx)0,8  Pr1/3 

or 


h  -  0.0265 -j- (RX)C#8  Pr1/3  (1) 

IL.wrking  Eq.  (1)  for  computer  computation  in  .. same,  .’ash- 
ion  as  the  laminar  case  results  in  the  follow! .ig  form: 

h'  -0.0265  (pVL)0,8  )  -S-Pr-0'666  M0'2  (»> 


B-4 


Equation  (a),  like  its  laainar  counterpart,  was  based  on  in- 
compressible  flow  relations.  However,  it  aay  be  used  for 
coapressible  flow  if  the  fluid  properties  are  evaluated  at 
a  reference  teaperature  defined  by  Suaaer  and  Short  (Ref.  fr. 
Again,  because  of  the  high  teaperatur*  region  in  which  some 
of  the  values  were  obtained,  the  use  of  reference  enthalpy 
was  made.  It  is  defined  as: 

H’  -  0.45  Hw  ^.55  H,  (1  +  0.064  l£)  (n) 

Equations  (a)  and  (n)  supplied  the  h'  needed  by  Eq.  (4)  in 
the  text  for  the  turbulent  calculations. 
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